Streptococcus mutans in dental biofilms often faces life-threatening threats such as killing by antimicrobial molecules from competing species or from the host. The ability of S. mutans to cope with such threats is crucial for its survival and persistence in dental biofilms. By screening a transposon mutant library, we identified 11 transposon insertion mutants that were sensitive to bacitracin. Two of these mutants, XTn-01 and XTn-03, had an independent insertion in the same locus, SMU.244, which encoded a homologue of undecaprenyl pyrophosphate phosphatase (UppP). In this study, we describe the genetic and phenotypic characterization of SMU.244 in antibiotic resistance. The results revealed that deletion of SMU.244 results in a mutant (XTD244) that is highly sensitive to bacitracin, but confers more resistance to lactococcin G, a class IIb bacteriocin. Introduction of the intact SMU.244 into XTD244 in trans completely restores its resistance to bacitracin and the susceptibility to lactococcin G. The XTD244 was also defective in forming the WT biofilm, although its growth was not significantly affected. Using recombinant protein technology, we demonstrated that the SMU.244-encoded protein displays enzyme activity to catalyse dephosphorylation of the substrate. The lux transcriptional reporter assays showed that S. mutans maintains a moderate level of expression of SMU.244 in the absence of bacitracin, but bacitracin at sub-MICs can further induce its expression. We concluded that SMU.244 encodes an UppP protein that plays important roles in cell wall biosynthesis and bacitracin resistance in S. mutans. The results described here may further our understanding of the molecular mechanisms by which S. mutans copes with antibiotics such as bacitracin.
INTRODUCTION
Dental plaque is a natural biofilm that is characterized by its vast diversity and high cell density (Kuramitsu et al., 2007; Li & Tian, 2012) . Many bacteria in dental biofilms produce an array of antimicrobial substances that inhibit or kill related species (Kreth et al., 2008) . These molecules, including classical antibiotics, bacteriocins, exotoxins and metabolic byproducts, are all responsible for 'chemical warfare' in dental biofilms (Kuramitsu et al., 2007) . Moreover, human saliva and oral epithelium actively secrete a number of innate defence molecules, such as a-and b-defensins, histatins, and LL-37, which constitute the first line of defence to restrict dominance, invasion and dissemination of oral opportunistic pathogens (Dale & Fredericks, 2005; Diamond et al., 2008) . These antimicrobial molecules produced both by bacteria and by the host can be life-threatening pressures to sensitive species in dental biofilms. In particular, many of these molecules can directly interact with the surface components of bacteria and disrupt cell envelope integrity, initiating a stress response or killing of sensitive bacteria (Jordan et al., 2008) . To survive and persist in dental biofilms, bacteria in the oral cavity must be able to sense, respond and cope with such threats. The bacterial cell envelope is a major sensory interface that provides the first line of defence in bacteria against these threats, playing important roles in signal sensing, transduction and subsequent adaptive responses (Mascher et al., 2006) . Thus, maintaining cell envelope integrity and an effective response to threats are crucial for bacterial survival and activities in dental biofilms.
Streptococcus mutans is a Gram-positive bacterium that has adapted a 'biofilm lifestyle' for survival and persistence in its natural ecosystem, i.e. dental plaque (Ajdić et al., 2002; Kuramitsu et al., 2007) . During its natural life, S. mutans in dental biofilms is frequently exposed to various threats such as killing by antimicrobial molecules produced by competing species or by the host (Kuramitsu et al., 2007) . For example, bacitracin, a cyclic polypeptide antibiotic that is produced by certain species of Bacillus, can target essential components of the cell envelope and suppresses the biosynthesis of peptidoglycan in many Gram-positive bacteria (Jordan et al., 2008) . Bacitracin binds to undecaprenyl pyrophosphate (Upp), the lipid carrier responsible for the translocation of cell envelope precursors from the cytosol to the extracellular side of the cytoplasmic membrane, preventing the dephosphorylation of Upp necessary for the recycling of the lipid carrier (Bickford & Nick, 2013) . Interestingly, S. mutans is known to be resistant to bacitracin and this property is often exploited in the isolation of this organism from the highly diverse oral microflora (Liljemark et al., 1976) . Several mechanisms have been reported to be involved in bacitracin resistance in S. mutans, including the biosynthesis of cell wall rhamnose-glucose polysaccharides (Yamashita et al., 1998 (Yamashita et al., , 1999 , altered expression of diacylglycerol kinase (DagK) in diacylglycerol phosphorylation (Lis & Kuramitsu, 2003) and induction of a bacitracin-specific efflux ATP-binding cassette (ABC) transporter (Tsuda et al., 2002) . Recently, the BceABRS four-component system and the LiaFSR three-component system have also been found to play important roles in sensing and response to bacitracin and stress damage in S. mutans (Ouyang et al., 2010; Suntharalingam et al., 2009) . To better understand the molecular mechanisms by which S. mutans copes with bacitracin or other related antibiotics, we constructed a mutant library by transposon mutagenesis followed by screening and identification of transposon insertion mutants defective in bacitracin resistance. This approach enabled us to identify 11 mutants; two of the mutants had an independent insertion at the same locus, SMU.244, which encodes a homologue of Upp phosphatase (UppP) of Escherichia coli. As the SMU.244-encoded protein has not yet been characterized in S. mutans, we elected to focus our investigation on the genetic and physiological analyses of SMU.244 in cell wall biosynthesis and bacitracin resistance in S. mutans.
METHODS
Bacterial strains, media and culture conditions. Bacterial strains and plasmids along with their characteristics are listed in Table 1 . S. mutans WT UA159 was grown on Todd-Hewitt medium plus 0.3 % yeast extract (THYE), whereas all other strains derived from S. mutans UA159 were grown on THYE supplemented with an appropriate antibiotic(s). The E. coli host strain that contained a transposon delivery vector, pVT1528, was maintained at 30 uC in Luria-Bertani (LB) medium plus kanamycin (50 mg ml 21 ) and erythromycin (300 mg ml
21
). To grow biofilms, S. mutans strains were grown in a chemically defined medium (CDM) and its preparation was described previously (Loo et al., 2000; Desai et al., 2012) .
Construction of a transposon mutant library. Insertional mutagenesis was performed with a transposon delivery vector pVT1528 according to the method of Chen et al. (2002) . Briefly, S. mutans UA159 was transformed with pVT1528 and inoculated on THYE plates plus kanamycin (500 mg ml
) and erythromycin (10 mg ml 21 ). The plates were incubated at 30 uC for 3 days. Several transformants were picked and transferred into 5 ml THYE medium with the antibiotics for incubation at 30 uC for 40 h. Each culture was diluted 1: 200, 1: 400 and 1: 800 in THYE medium without antibiotics, and then incubated overnight at 41 uC. Aliquots of the cell suspensions were taken, serially diluted, and spread on THYE and THYE plates plus erythromycin (10 mg ml 21 ). All the plates were incubated at 37 uC for 2-3 days before assessment of transposition frequency, which was defined as the ratio of erythromycin-resistant colonies to the total cell numbers (colonies) on THYE-only plates. The mutant libraries were stored in 20 % glycerol at 280 uC until use.
Isolation of transposon insertion mutants that were sensitive to bacitracin. A mutant library with the highest transposition frequency was used to screen for bacitracin-sensitive mutants by a replicate plate-patched method. Individual mutants (colonies) were picked and patched in duplicate onto THYE plates: one with bacitracin (20 mg ml 21 ) and another without bacitracin. All the plates were incubated anaerobically at 37 uC for 2 days. The mutants sensitive to bacitracin were selected for the second run of screening in THYE broth containing bacitracin in 96-well microtitre plates. The bacitracin-sensitive mutants identified were then assessed for single insertion frequency in the genomes by Southern blot analysis using a DIG-labelling probe (entire IS256) and a DIG-detection kit (Roche Diagnostics). The genes interrupted by IS256 were identified by a strategy involving inverse PCR and sequencing (Zhang & Biswas, 2009) . Briefly, genomic DNAs were isolated from the mutants, digested with HinP1I or Pvu II and self-ligated. Inverse PCR was performed to amplify the flanking regions of IS256 insertion sites using outward-reading primers IS256-OR1 and IS256-OR2 (Table S1 , available in the online Supplementary Material). The PCR products were excised from gels, purified and sequenced from both ends using two new primers IS256-OR3 and IS256-OR4. For some mutants, the genes inserted by the IS256 were identified by an alternative strategy involving the use of the same primers and a direct PCR and sequencing procedures (Karlyshev et al., 2000) . The IS256 inserted genes were mapped against the genome of S. mutans UA159 by BLAST search.
Construction of a gene deletion mutant. An SMU.244 deletion mutant (XTD244) was constructed by an allelic replacement strategy involving PCR ligation mutagenesis On: Tue, 18 Dec 2018 04:16:29 flanking regions from both *100 bp internal to the start and stop codons were amplified by PCR using primers 244-P1/244-P2 and 244-P3/244-P4 (Table S1 ). Both PCR products were digested, purified and ligated to the Asc I/Fse I sites of an erythromycin resistance (erm) cassette . The ligation product was transformed into S. mutans UA159. Following double-crossover recombination, the internal region of SMU.244 was completely replaced by the erm cassette. The constructed mutant was verified by a PCR strategy using four combinations of the primers against genomic DNAs of the mutant and parent UA159. The presence of predicted sizes of the erm cassette with its flanking regions in the mutant, but not in the parent, indicated successful replacement of the target gene by the erm cassette (Fig. S1 ). This method enabled a target gene to be deleted by replacement of an antibiotic resistance marker without interrupting the downstream ORFs .
Construction of a complementation plasmid. A PCR fragment (1205 bp) containing the entire SMU.244 and its upstream region was amplified from S. mutans UA159 by PCR using primers Cp244-F/ Cp244-B. The amplicon was first cloned into pDrive cloning vector (Qiagen), generating pDrive-244. After genetic confirmation by PCR and restriction analysis, pDrive-244 was digested with Sph I/Sac I and the digested fragment was then ligated to the same restriction sites of a low-copy shuttle vector, pDL278 (LeBlanc et al., 1992) . The ligation product was transformed into E. coli DH5a (Invitrogen), and positive transformants were selected from LB plates plus spectinomycin (50 mg ml 21 ) for genetic confirmation by restriction analysis and sequencing. The confirmed plasmid, named pCp244, was transformed into XTD244 and two transposon mutants, XTn-01 and XTn-03, generating several new S. mutans strains (Table 1) , which were used for complementation experiments. These strains conferred resistance to both spectinomycin (500 mg ml 21 ) and erythromycin (10 mg ml 21 ).
Construction of an expression plasmid. The entire SMU.244 (except the stop codon) was amplified by PCR using primers 244BamH1-F/244NotI-B. The PCR product was digested, purified and ligated to Bam HI/Not I sites of expression vector pET-20b(+) (Novagen), generating a His 6 -tag fusion to the C terminus of SMU.244. The ligation product was transformed into an E. coli XL1-Blue cloning host, generating plasmid pET20-244 that was genetically confirmed by restriction analysis and sequencing. The confirmed plasmid pET20-244 was then transformed into an E. coli expression host strain BL21(DE3)pLysS (Novagen). The resulting strain allowed expression of the target protein under control of the T7 promoter, and also facilitated subsequent purification and identification of His 6 -tagged protein by Western blot analysis.
Expression and purification of SMU.244-encoded protein (UppP Sm ) protein. E. coli BL21(DE3)pLysS strain that carried expression vector pET20-244 was grown in LB medium containing ampicillin (100 mg ml 21 ) for overexpression of the protein by following the manufacturer's instructions (Novogen). When the OD 600 reached 0.2, 0.5 mM IPTG was added to the culture for induction of protein expression at 30 uC overnight. The cells were collected to extract the crude membrane proteins from the cell lysates by the method modified from those reported previously (Dong et al., 2014; El Ghachi et al., 2004; Hsu et al., 2013) . The crude membrane extract containing His 6 -tagged protein was dissolved in a buffer (50 mM Tris, This study SMU 244 and bacitracin resistance in S. mutans pH 7.5 and 150 mM NaCl) and purified by a high-affinity Ni-charged resin (Genscript). After three washes, His 6 -tagged protein was eluted by elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl and 250 mM imidazole, pH 8.0) and stored at 280 uC until use. The purification of expressed His 6 -tagged protein was verified by SDS-PAGE and Western blotting using anti-His 6 antibody (GenScript).
Construction of transcriptional reporter strains and luciferase activity assay. To determine whether bacitracin affected expression of SMU.244, we constructed a lux reporter plasmid by fusing the promoter region of SMU.244 (P 244 ) to a shuttle vector pAmilux that carried a promoterless luxABCDE (Mesak et al., 2009 ). The vector pAmilux was selected as it offers the advantage of allowing detection of real-time reporter activity without the need for substrates (Mesak et al., 2009; Subrt et al., 2011) . Briefly, a DNA fragment containing a 363 bp promoter region of SMU.244 was generated by PCR, purified and cloned into pAmilux, generating a fusion plasmid pP 244-lux. The new plasmid was confirmed by restriction analysis and sequencing. The confirmed plasmid was transformed into S. mutans UA159 to generate a reporter strain, XTLx244, whilst pAmilux was also transformed into UA159 as a background control. Strain XT-Lx244 was then assayed for specific luciferase reporter activity in response to bacitracin. Using the agar plate method (Subrt et al., 2011) , bioluminescence from the reporter strains was captured by a CCD camera using a FluorChem SP image system (Alpha Innotech). The reporter activities were further quantified in THYE broth using a 96-well microtitre plate reader (Synergy HT), which read both bioluminescence and OD 590 (Tian et al., 2013) . The results were expressed in relative bioluminescence units (RLU) divided by the OD 590 of the cultures.
Reverse transcription (RT)-PCR. RT-PCR was performed to analyse the transcripts of SMU.244 along with its adjacent genes. Briefly, total RNA was isolated from mid-exponential-phase cells of S. mutans UA159 using a FastPrep method (Gong et al., 2009 ). The resulting RNA was treated with RNase-free DNase I to remove the genomic DNA and purified using an RNeasy Mini Column (Qiagen). The purified RNA was converted to cDNA using SuperScript II reverse transcriptase (Invitrogen). PCR was then performed to amplify the cDNA using two pairs of cross-gene primers and one pair of SMU.244 internal primers (Table S1 ). The PCRs also included S. mutans UA159 genomic DNA as a positive control and purified RNA as a negative control. PCR products were resolved and analysed on 1.2 % agarose gels.
Phosphatase activity assay. The phosphatase activity of UppP Sm was determined by the Malachite Green assay using a phosphate colorimetric kit (BioVision) as described previously (Chang et al., 2014; Hsu et al., 2013) . The reaction mixture (200 ml) contained 50 mM HEPES, pH 7.0, 150 mM NaCl, 10 mM MgCl 2 , 0.02 % dodecyl maltoside, 35 mM of the substrate farnesyl pyrophosphate (Fpp) (Sigma-Aldrich) and 2 mg purified UppP Sm protein. A control reaction mixture contained all the reagents except UppP Sm and another control contained all the reagents plus 5 mM ETDA. All the reactions were quenched by adding 30 ml Malachite Green Reagent and incubated for 30 min at room temperature. The reaction mixtures were transferred to a 96-well plate and the released phosphate that reacted with Malachite Green was assayed by measuring the OD 650 with a microplate reader (Synergy HT). The amounts of released phosphate were determined and plotted according to a phosphate standard curve (BioVision).
Antibiotic susceptibility assays. MICs of bacitracin and other related antibiotics against S. mutans strains were determined by a broth dilution method in 96-well microtitre plates (Ouyang et al., 2010) . Briefly, aliquots of mid-exponential-phase cells were inoculated into 200 ml per well of THYE broth containing a series of twofold dilutions of antibiotics. The cultures were incubated at 37 uC anaerobically for 20 h and MICs were determined by measuring the OD 590 . The strains were also examined for their growth kinetics in the presence or absence of a sub-MIC of bacitracin in THYE medium intervals of 1 h by measuring the OD 600 with a spectrophotometer (Thermo Spectronic 20+). The growth curves of these strains were plotted based on OD 600 readings.
A two-peptide (class IIb) bacteriocin, lactococcin G, was included to determine its MIC against S. mutans strains. Lactococcin G consists of two unmodified subunits, LcnG-a (GTWDDIGGGIGRVAYWVGKA MGNMSDVNQASRINRKKKH) and LcnG-b (KKWGWLAWVDPAY EFIKGFGKGAIKEGNKDKWKNI) (Kjos et al., 2014) . Both LcnG-a and LcnG-b were commercially synthesized with 90 % purity (Pepmic). Both peptides were freshly dissolved at 100 mM in sterile distilled water, and then mixed at 1:1 molar ratio for assembly before further dilutions as required for MIC and killing assays. Killing assays and determination of per cent survivals were performed as described previously (Mai et al., 2011) .
Biofilm formation assay. To determine the effects of SMU.244 deletion on biofilm formation, S. mutans UA159, XTD244 and XTCp244 were examined for biofilm formation on the surface of polystyrene microtitre plates as described previously (Li et al., 2002 (Li et al., , 2008 . The growth of biofilms was initiated by inoculating an aliquot of cells in 300 ml fourfold-diluted THYE broth or CDM (Desai et al., 2012; Loo et al., 2000) plus 20 mM glucose in 96-or 24-well microtitre plates. The plates were incubated at 37 uC anaerobically in a candle jar for 16 h before planktonic cells were removed. Biofilms were gently washed once, air-dried and quantified by measuring the OD 590 using a microplate reader (Synergy HT). Biofilms formed on 24-well microtitre plates were photographed.
Statistical analysis. Whenever needed, the results were analysed by Student's t-test and Pj0.05 was considered statistically significant. Statistical analysis was based on the data obtained from triplicate samples in two independent experiments.
RESULTS

Isolation of transposon insertion mutants defective in bacitracin resistance
To identify genes that were potentially involved in bacitracin resistance, we mutagenized S. mutans UA159 by a transposon delivery vector pVT1528 (Chen et al., 2002) , generating a mutant library consisting of *32 000 transposon insertion mutants. Based on the ratios of erythromycin-resistant colonies to the total cell numbers, we achieved transposition frequencies of between 10 24 and 10
25
, which were sufficient to yield 10 rgpB encoding a rhamnosyltransferase (Yamashita et al., 1998) , rgpG encoding a rhamnose-glucose polysaccharide transferase (Yamashita et al., 1999) , bceB (or mbrB) encoding an ABC transporter permease (Ouyang et al., 2010; Tsuda et al., 2002) and dagK encoding a DagK (Lis & Kuramitsu, 2003) . Five genes encoded products that may be related to cell surface components, cell division or drug export. Interestingly, two mutants, XTn-01 and XTn-03, had an independent insertion at 87 and 486 bp, respectively, in SMU.244, which encoded a homologue of UppP of E. coli or bacitracin resistance protein (BacA) of Streptococcus pneumoniae (Chalker et al., 2000; El Ghachi et al., 2004) . Although UppP/BacA is known to be involved in cell wall biosynthesis and bacitracin resistance in these bacteria, SMU.244-encoded protein has never been characterized in S. mutans. To confirm that the observed phenotype in XTn-01 and XTn-03 mutants did not result from additional mutations elsewhere in the genome, we constructed a shuttle vector pCp244 that carried an intact SMU.244, including the promoter region, and transformed it into XTn-01 and XTn-03 for complementation. The results showed that introduction of the intact SMU.244 into these mutants in trans completely restored the resistance to bacitracin. In contrast, the same shuttle vector pCp244 that was transformed into mutants XTn-06 or XTn-08 did not affect the defective phenotypes ( Table 2) . The results clearly confirmed that the observed defective phenotype in XTn-01 and XTn-03 definitely resulted from the insertions by the IS256 within the SMU.244 gene. We therefore elected to focus our investigation on SMU.244 and its phenotypes.
Deletion of SMU.244 results in a mutant that is highly sensitive to bacitracin, but does not significantly affect the growth To further characterize the phenotypes of SMU.244, we constructed an SMU.244 deletion mutant (XTD244), and examined the effects of the deletion on bacterial growth and the susceptibility to cell-wall-acting antibiotics. The results revealed that deletion of SMU.244 resulted in a mutant that was highly sensitive to bacitracin (MIC*1.25 mg ml 21 ), which was 64-fold more sensitive than UA159 (MIC*80 mg ml 21 ) ( Table 3 ). The XTD244 mutant was also found to be more sensitive to several other cell-wall-acting antibiotics, including fosformycin, ramoplanin, nisin, lysozyme, penicillin G and vancomycin, than the parent UA159. Introduction of the intact SMU.244 into XTD244 in trans (complementation) completely restored the resistance of this mutant to bacitracin (Fig. 1a) and other cell-wall-acting antibiotics (Table 3) . However, the growth of this mutant was slightly but not significantly affected in the absence of bacitracin (Fig. 1b) , unless a sub-MIC (1.0 mg ml 21 ) of bacitracin was added into the culture (Fig. 1c) . Again, introduction of the intact SMU.244 into the mutant completely restored its growth in the presence of bacitracin tested (Table 3) . Together, the results confirmed that SMU.244 is certainly required for the resistance to bacitracin and, to some degree, to other cell-wall-acting antibiotics in S. mutans. (Fig. 2a) , strongly suggesting its association with the cytoplasmic membrane. In particular, two highly conserved N. Jalal and others regions specific to UppP and the enzymic activity were identified in SMU.244-encoded protein (Fig. 2b) . Region 1 contained a highly conserved, glutamate-rich E/QXXXE motif (aa 17-21) and one histidine (His30) in the first TMS. This region is suggested to be essential for the catalytic activity and substrate binding (Chang et al., 2014) . Region 2 contained a conserved PGXSRSXXT motif (aa 170-178) that formed a structural P-loop (phosphate-binding loop) commonly found in many phosphate-binding enzymes (Bickford & Nick, 2013; Chang et al., 2014) . Sequence alignments also indicated that UppP Sm proteins from five genome-sequence-completed S. mutans strains, UA159, GS-5, LJ2, ATCC25175 and NCTC11060, shared 99 % of identity in their primary sequences (Fig. S3 ), indicating that UppP Sm proteins were highly conserved during the evolution of S. mutans. Together, the sequence conservation and presence of the consensus functional motifs strongly suggested that SMU.244 encodes an UppP Sm enzyme required for cell wall biosynthesis in S. mutans.
We next determined the enzyme activity of UppP Sm protein of S. mutans UA159. To obtain purified UppP Sm protein from S. mutans UA159, we cloned and expressed SMU.244 using a pET cloning system combined with modified protein expression and purification techniques (Dong et al., 2014; El Ghachi et al., 2004; Hsu et al., 2013) . Despite the difficulties in the expression, extraction and purification of this membrane protein, we managed to successfully obtain sufficient amounts of purified UppP Sm protein, as confirmed by SDS-PAGE gels and Western blot analysis using anti-His 6 antibody (Fig. 3a, b) . We then assayed the enzymic activity of the UppP Sm protein using a phosphatase activity assay according to the methods of Hsu et al. (2013) and Chang et al. (2014) . The results revealed that purified UppP Sm protein displayed a strong activity of catalysing dephosphorylation of Fpp (Fig. 3c) . In contrast, the same reaction mixture without the UppP Sm protein (no UppP Sm ) showed no enzymic activity or addition of 5 mM EDTA (UppP Sm + EDTA) in the reaction mixture completely inhibited the enzyme activity of UppP Sm . The results clearly confirmed that UppP Sm is a membrane-associated protein with a strong phosphatase activity required for catalysing dephosphorylation of a substrate during the cell wall biosynthesis in S. mutans.
SMU.244 is a single-gene transcription unit that can be induced by sub-MICs of bacitracin
Although UppP and its physiological role have been well studied in E. coli, little is known about the transcriptional regulation of the uppP gene in bacteria. In this study, we explored this question in S. mutans. Analysis of the S. mutans UA159 genome indicated that a gene immediately upstream from SMU.244 was SMU.243 that encoded a hypothetical protein of unknown function (Fig. 4) , whilst the genes immediately downstream from SMU.244 were, respectively, mecA that encoded a negative regulator of genetic competence (Tian et al., 2013) and rgpG that encoded a protein involved in the biosynthesis of rhamnose-glucose polysaccharide (Yamashita et al., 1999) . Sequence analysis of SMU.244 using the neural network promoter prediction tools (http://www.fruitfly.org/seq_ tools/promoter.html) predicted the existence of a s 70 promoter-like sequence upstream from the start codon and a potential Rho-independent transcriptional terminator downstream from the stop codon (http://transterm.cbcb. umd.edu/tt/Streptococcus_mutans.tt), suggesting that SMU.244 might be a single gene for its transcription. To confirm this suggestion, we analysed the transcripts of SMU.244 and its adjacent genes by RT-PCR using cross-gene primers as described in Fig. 4 . As expected, RT-PCR using the cross-gene primers did not generate products (no transcripts), but the internal primers of SMU.244 generated a positive product with a predicted size (data not shown). The results confirmed that SMU.244 was actually a single-gene transcription unit.
Next, we determined whether bacitracin affected expression of SMU.244 in S. mutans. To probe this question, we constructed a lux transcriptional reporter plasmid by fusing the promoter region of SMU.244 to a low-copy shuttle vector pAmilux that contained a promoterless lux-ABCDE (Mesak et al., 2009) . After genetic confirmation, the constructed plasmid pP 244 -lux was transformed into S. mutans UA159 to generate a lux reporter strain, designated XT-Lx244. We then assayed specific luciferase reporter activity of the SMU.244 promoter by growing this strain (three clones) on THYE plates with or without bacitracin (5 mg ml
21
). The result revealed that in the absence of bacitracin all three clones of the reporter strain showed a weak baseline level of the lux activity. A negative control strain that contained promoterless vector pAmilux showed no detectable lux activity or bioluminescence on the plates (data not shown). However, all three clones showed increased levels of reporter activity in the presence of bacitracin (Fig. 5a ), suggesting that transcription of SMU.244 could be induced by a sub-MIC of bacitracin. We then quantitatively assayed the luciferase reporter activity of XT-Lx244 (clone 2) grown in THYE in 96-well microtitre plates. The results showed that without bacitracin XT-Lx244 (clone 2) exhibited moderate levels of lux reporter activity during the log growth phase, but rapidly declined to the basal level thereafter (Fig. 5b) . However, adding bacitracin (5 mg ml
) into the culture could further induce lux reporter activity by twofold and relatively high levels of reporter activity remained until the culture reached the late exponential phase. The results suggested that S. mutans normally maintains a moderate level of expression of SMU.244 during the log growth phase involving active cell wall biosynthesis. The presence of a sub-MIC of bacitracin in the environment could upregulate its expression. produced by some strains of L. lactis (Cotter, 2014; Kjos et al., 2014) . Heterogeneous expression of uppP of L. lactis in a nonsensitive S. pneumoniae makes this bacterium sensitive to lactococcin G. We therefore determined whether deletion of SMU.244 affected the susceptibility of S. mutans to this bacteriocin. The lactococcin G used in this study was a two-peptide molecule assembled in a 1: 1 molar ratio from chemically synthesized peptides, LcnG-a and LcnG-b (Oppegård et al., 2007) . The MIC tests indicated *3.13 mM for S. mutans UA159 and *1.56 mM for XT-Cp244, whilst the MIC for XTD244 was 50 mM, suggesting that XTD244 was 16-to 32-fold more resistant to lactococcin G than the parent UA159 and strain XT-Cp244, respectively (Table 3) . We also examined the killing activity of lactococcin G against these strains by a killing assay (Mai et al., 2011) . The results revealed that w80 % of the cells (*2|10 5 c.f.u. ml
) of UA159 and XT-Cp244 were killed following exposure to 10 mM lactococcin G for 60 min (Fig. 6) . However, the XTD244 mutant showed w90 % survival following the same exposure to lactococcin G. The results demonstrated that deletion of SMU.244 confers more resistance of S. mutans to lactococcin G, suggesting that UppP Sm protein in S. mutans likely acts as the receptor to class IIb bacteriocins such as lactococcin G.
Deletion of SMU.244 reduces biofilm formation of S. mutans
To determine the effect of SMU.244 deletion on biofilm formation of S. mutans, we developed biofilms by growing XTD244 and UA159 in THYE medium on the surface of polystyrene microtitre plates. The initial results showed that the XTD244 mutant formed a biofilm that was slightly reduced compared with that formed by the parent UA159 in terms of total biomass in the THYE medium. The difference in the biofilms between these strains was not significant (Pw0.05), unless a sub-MIC of bacitracin was added into the medium. We therefore used CDM supplemented with 20 mM glucose to develop biofilms. The results revealed that XTD244 mutant formed a biofilm with reduced biomass (Pv0.01) (Fig. 7a) , although both the mutant and parent UA159 grew similarly well in this medium with nearly overlapping growth curves. The mutant biofilm appeared to have a loosely organized architecture, which could be readily visualized by the naked eye (Fig. 7b) . Under a phase-contrast microscope, the XTD244 mutant formed a biofilm with a relatively loose structure and numerous long chains (Fig. 7c) . Introduction of the intact SMU.244 into the mutant completely restored the WT biofilm with slightly increased biomass. The results indicated that deletion or inactivation of SMU.244 indeed affected biofilm formation of S. mutans, particularly in the presence of bacitracin.
DISCUSSION
S. mutans is well known to be resistant to bacitracin and this property is often exploited in the isolation of this organism from the highly diverse oral microflora (Liljemark et al., 1976) . Several mechanisms have been reported to be involved in bacitracin resistance in this bacterium (Lis & Kuramitsu, 2003; Ouyang et al., 2010; Tsuda et al., 2002; Yamashita et al., 1998 Yamashita et al., , 1999 . These mechanisms may effectively help S. mutans to cope with bacitracin and other related antimicrobial molecules produced by competing species or by the host. To better understand the molecular mechanisms of how S. mutans senses, responds to and resists antibiotics, we launched a genome-wide investigation of S. mutants to identify bacitracin-resistant genes. One objective was that we wanted to validate several molecular tools for analysis and identification of S. mutans genes involved in defence against antibiotics or the innate defence molecules. By screening 2500 transposon insertion mutants, we identified 11 bacitracin-sensitive mutants. More than half of these mutants have a transposon insertion in the genes that encode products previously reported to be involved in bacitracin resistance in S. mutans. The initial results validated the strategy and methods used for identification of transposon inserted genes under investigation.
In this study, we were particularly interested in two identified mutants that were highly sensitive to bacitracin and had two independent insertions in the same locus, SMU.244, which encodes a homologue of UppP required for the recycling or de novo synthesis of undecaprenyl phosphate (Up; C 55 -P) (Bickford & Nick, 2013; Chang et al., 2014; El Ghachi et al., 2004) . Although the roles of UppP in cell wall biosynthesis and bacitracin resistance are well documented in E. coli, UppP homologues and their physiological features in many Gram-positive bacteria, such as S. mutans, are still lacking. In E. coli, UppP is not only the enzyme involved in the biosynthesis of Up, but rather four genes, including pgpB, ybgG, lpxT and uppP, have been identified encoding integral membrane proteins with UppP activity Tatar et al., 2007) . In contrast, PgpB, YbgG and LpxT homologues have not been identified in S. mutans or in many other Gram-positive bacteria. However, a protein, BcrC, in a
Gram-positive bacterium, Bacillus subtilis, is reported to display UppP activity and is required for bacitracin resistance (Bernard et al., 2005) . Thus, BcrC protein can be considered as an UppP orthologue in Gram-positive bacteria, although it is not identified in S. mutans. This suggests that UppP in S. mutans may play even more crucial roles in the biosynthesis or recycling of the essential lipid carrier in this bacterium. This suggestion is strongly supported by the evidence both from the present study and an earlier study showing that inactivation of uppP/bacA in S. pneumoniae resulted in a mutant that was super sensitive (160 000-fold) to bacitracin and significantly attenuated in a mouse model of infection (Chalker et al., 2000) . However, the earlier study did not provide any information about enzyme activity of UppP proteins of two Grampositive bacteria studied, Staphylococcus aureus and S. pneumoniae. One of the major contributions from the present study is that SMU.244-encoded protein (UppP Sm ) has been demonstrated experimentally to display enzymic activity to catalyse dephosphorylation of a substrate, Fpp. The data led us to conclude that SMU.244 encodes an UppP enzyme that is capable of catalysing formation of Up, the key component of the lipid carrier during cell wall biosynthesis in S. mutans. As the S. mutans genome does not contain genes encoding PgpB, YbgG, LpxT and BcrC homologues as found in E. coli and B. subtilis, we suspect that UppP Sm may be the only protein that displays UppP enzyme activity in this organism. Therefore, it is not surprising that deletion of SMU.244 results in a mutant (XTD244) that is highly sensitive to bacitracin. Such sensitivity to bacitracin is highly consistent with the report for the bacA-inactivated mutant of S. pneumoniae (Chalker et al., 2000) . Neither is it surprising that cell wall biosynthesis may be significantly impaired in the XTD244 mutant due to the lack of the recyclable lipid carrier. This defect may be also responsible for the increased sensitivity of XTD244 to several other cell-wall-acting antibiotics, such as fosfomycin, ramoplanin, nisin and lysozyme, compared with the parent UA159. However, the XTD244 mutant appears to grow as reasonably well as the parent UA159 in the absence of bacitracin, suggesting that deletion of SMU.244 does not significantly affect cell growth or is not essential for the growth of S. mutans.
This raises a question whether S. mutans completely fails to synthesize Up from Upp in the absence of UppP such as in the XTD244 mutant or whether S. mutans can use an alternative pathway to produce Up for the subsequent reactions in cell wall synthesis. A previous study showed that S. mutans does have an alternative pathway, in which Up can be produced from the phosphorylation of undecaprenol (C 55 -OH) catalysed by an undecaprenol kinase (UdpK), the orthologue of DagK of Gram-negative bacteria (Lis & Kuramitsu, 2003) . This suggests that the UdpK or DagK may catalyse the reaction to generate Up required for cell wall synthesis through this alternative pathway in the XTD244 mutant or in the absence of UppP. However, it remains unclear how this alternative pathway is regulated, especially in the presence of an intact UppP in S. mutans, although limited evidence suggests that this pathway appears to play a major role in stress conditions, such as at low pH (Lis & Kuramitsu, 2003) . We are currently undertaking further studies on this question and the regulatory mechanisms of these two pathways in cell wall synthesis and antibiotic resistance in S. mutans.
Another interesting finding from this study is that UppP Sm protein may act as the receptor for lactococcin G, a ribosomally synthesized, unmodified two-peptide (class IIb) bacteriocin produced by some strains of L. lactis (Oppegård et al., 2007) . UppP protein acting as the receptor for class IIb bacteriocins and the mechanism of action have been elucidated recently (Cotter, 2014; Kjos et al., 2014) . It was shown that heterogeneous expression of uppP of L. lactis in a non-sensitive S. pneumoniae makes this bacterium sensitive to lactococcin G and enterocin 1071 (Kjos et al., 2014) . Compared with the sensitive L. lactis strains (MIC*0.02 nM), S. mutans is insensitive to lactococcin G. However, we found that S. mutans strains become increasingly sensitive to lactococcin G when its concentrations increase to micromolar concentrations. We demonstrated that deletion of SMU.244 confers more resistance of XTD244 (MIC*50 mM) to lactococcin G than the parent UA159 (MIC*3.13 mM) and complemented strain XT-Cp244 (MIC*1.56 mM). XT-Cp244 is twofold more sensitive to lactococcin G than UA159, probably because it carries a shuttle vector (likely more than one copy) that contains the intact SMU.244. Clearly, the sensitivity of S. mutans to lactococcin G is dependent on the presence of the UppP Sm protein. We also found that lactococcin G at 10 mM can rapidly kill S. mutans WT cells, but not significantly affect the viability of XTD244. The data from this study strongly support the notion that UppP indeed acts as the receptor for class IIb bacteriocins, such as lactococcin G and others, as reported recently (Cotter, 2014; Kjos et al., 2014) .
Although considerable studies have elucidated the physiological role of UppP enzyme in cell wall biosynthesis, little is known about how the gene encoding UppP is regulated in bacteria. As SMU.244 is organized as a single-gene transcription unit with its own promoter and deletion of SMU.244 results in high sensitivity to bacitracin, we were curious to determine whether bacitracin affects expression of SMU.244 at the transcriptional level. We therefore examined the promoter activity of SMU.244 in response to a subinhibitory concentration of bacitracin using a lux transcriptional reporter strain. We have taken advantage of using the reporter plasmid pAmilux (luxABCDE) to construct the reporter strain, because this reporter allows detection of real-time reporter activity without the need for a substrate, and can work well both on agar plates and liquid cultures (Mesak et al., 2009) . In addition, the reporter plasmid was optimized to work better in Grampositive bacteria such as in Staphylococcus aureus and others (Subrt et al., 2011) . Our initial work confirms that this lux reporter works well in S. mutans and the reporter construct can be a useful tool for studying questions about the effects of antibiotics on gene regulation in this organism. The results from the luciferase reporter assays show that in the absence of bacitracin S. mutans appears to maintain a moderate level of transcription of SMU.244 during the exponential growth phase. This level of expression may effectively meet the need for the rapid biosynthesis of the cell wall components. However, the presence of a subinhibitory concentration of bacitracin can further induce the transcriptional level of SMU.244, suggesting that bacitracin at a sub-MIC upregulates expression of SMU.244. We speculate that S. mutans may be capable of regulating both levels of the activities in gene expression and the enzyme activity to increase its ability to cope with the depletion of the recyclable Up in the presence of bacitracin. Further study may be needed on this speculation. An earlier study revealed that inactivation of the uppP/bacA gene in S. pneumoniae resulted in a mutant that was highly attenuated in terms of pathogenesis in a mouse model of respiratory tract infection (Chalker et al., 2000) . A recent study further showed that disruption of the uppP gene in Burkholderia symbionts resulted in a mutant that was defective in colonization in the stinkbug gut, where Burkholderia symbionts colonize and maintain a symbiotic relationship (Kim et al., 2013) . These studies suggest that UppP in these organisms may play a role in colonization in their natural hosts. As S. mutans is an organism that depends on a 'biofilm lifestyle' for survival and persistence in dental plaque, we sought to determine whether SMU.244 deletion affects biofilm formation of S. mutans. We initially examined biofilm formation of this mutant together with UA159 and a complementation strain in THYE medium. However, we were unable to see significant differences in the biofilms formed by these strains in terms of total biofilm mass, unless a sub-MIC of bacitracin was added in the cultures. We thought that a rich, complex medium, such as THYE, might allow the bacterial strains to complement the subtle differences in the biofilms, as the SMU.244 deletion mutant shows little difference in its growth rate in THYE medium in the absence of bacitracin. We therefore used CDM supplemented with 20 mM glucose to grow biofilms of these strains. The results revealed that the XTD244 mutant forms a defective biofilm with reduced biomass and relatively loose organization compared with the parent UA159 (Fig. 7) . The defective biofilm formed by the mutant could be readily visualized on the microtitre plates. Interestingly, introducing intact SMU.244 into the mutant completely restored the WT biofilm with slightly increased biomass. The results clearly indicated that deletion of SMU.244 indeed affects biofilm formation of S. mutans. We speculate that the SMU.244 deletion mutant might also be attenuated in its pathogenesis of dental caries because of the defects in biofilm formation and the susceptibility to antibiotics in dental biofilms. Further study is clearly needed to investigate this question in an animal caries model. In summary, we have described the identification and characterization of SMU.244 encoding a homologue of UppP of E. coli. The evidence from this study confirms that SMU.244 encodes the UppP protein that displays the expected enzyme activity of catalysing dephosphorylation of a substrate. Deletion of SMU.244 results in a mutant that is highly sensitive to bacitracin, but confers more resistance to class IIb bacteriocins such as lactococcin G. This mutant is also defective in forming the WT biofilm. SMU.244 shows a moderate level of expression in the absence of bacitracin, but bacitracin at a sub-MIC can further induce its expression. The work described here may further our understanding of the molecular mechanisms by which S. mutans copes with antimicrobial molecules such as bacitracin.
